Molecular chaperones are known to be essential for avoiding protein aggregation in vivo, but it is still unclear how they affect protein folding mechanisms. We use single-molecule Förster resonance energy transfer to follow the folding of a protein inside the GroEL/GroES chaperonin cavity over a time range from milliseconds to hours. Our results show that confinement in the chaperonin decelerates the folding of the C-terminal domain in the substrate protein rhodanese, but leaves the folding rate of the N-terminal domain unaffected. Microfluidic mixing experiments indicate that strong interactions of the substrate with the cavity walls impede the folding process, but the folding hierarchy is preserved. Our results imply that no universal chaperonin mechanism exists. Rather, a competition between intra-and intermolecular interactions determines the folding rates and mechanisms of a substrate inside the GroEL/GroES cage.
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chaperone | confinement | microfluidic mixing | FRET | fluorescence I n the recent past, a large number of components have been identified that control and modulate protein folding in vivo. This machinery includes molecular chaperones (1-3), sophisticated quality control systems, and complex mechanisms for protein translocation and degradation (3, 4) , reflecting the importance of regulating the delicate balance of protein folding, misfolding, and aggregation in the cell. Such cellular factors exert conformational constraints on protein molecules that are expected to have a strong effect on the corresponding free-energy surfaces for folding (5) . However, while the combination of cellular, biochemical, and structural data has led to some plausible qualitative models for the processes involved, mechanistic investigations comparable to those of autonomous protein folding in vitro (5) (6) (7) (8) have been complicated by the complexity of the systems and the conformational heterogeneity involved (9) . Even the autonomous folding of chaperone substrate proteins has been difficult to investigate because of their strong aggregation tendency (10) . Contributions from confinement and crowding have been addressed in numerous studies using molecular simulations and theory (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , but many of these concepts have eluded experimental examination.
Here, we take a step towards closing this gap by investigating the GroEL/GroES chaperonin (1-3, 9) with single-molecule fluorescence spectroscopy (21) (22) (23) (24) , a method that is starting to provide previously inaccessible information on chaperonemediated protein folding (25) (26) (27) (28) (29) (30) . GroEL/GroES is a remarkable molecular machine that binds nonnative proteins and allows them to fold within a cavity formed by the heptameric rings of GroEL and GroES. However, the cavity is only slightly larger than the folded structure of typical proteins known to interact with the chaperonin. The large volume of unconfined unfolded protein chains compared to the size of the cavity raises the question of whether and how such strong confinement affects the folding reaction (12-16, 18, 31, 32) . By labeling the classic substrate protein rhodanese (33) with donor and acceptor fluorophores, we can follow the folding reaction with multiparameter singlemolecule Förster resonance energy transfer (FRET) (34) and probe the folding pathway of rhodanese inside and outside the chaperonin cavity in much greater detail than previously possible.
Results and Discussion
Chaperone-Mediated Protein Folding Observed with Single-Molecule FRET. To achieve an optimal discrimination of native and nonnative conformations, three variants of the two-domain protein rhodanese were investigated. Two fluorophores (Alexa Fluor 488 and Alexa Fluor 594) were attached to each variant to map the folding of the N-terminal domain (N variant), the structure formation of the linker separating both domains (L variant), and the folding of the C-terminal domain (C variant) (Fig. 1A) . Fig. 1B shows histograms of the transfer efficiency E for all three rhodanese variants, determined from photon bursts of individual rhodanese molecules freely diffusing through the observation volume of the confocal instrument. Under native conditions (Fig. 1B) , two peaks are observed for each variant: the peaks at E ¼ 0.67 for the N variant, E ¼ 0.69 for the L variant (27) , and E ¼ 0.98 for the C variant result from native rhodanese molecules; the peaks near E ¼ 0 result from molecules lacking an active acceptor dye and can be eliminated by dual color excitation of donor and acceptor (35, 36) (Fig. 1B , see SI Appendix for details). When the refolding of rhodanese is initiated in the presence of GroEL, rhodanese binds to the chaperonin ring, resulting in characteristic broad transfer efficiency distributions for all three variants with maxima at E > 0.8 (Fig. 1B) , whose width originates predominantly from static orientational heterogeneity of the fluorophores (27) . To investigate refolding inside the chaperonin cavity, we use the single ring variant of GroEL (SR1), which resembles the folding active state of GroEL, but does not release the substrate protein (37, 38) . Upon incubation of the SR1-rhodanese complex with ATP and the cochaperone GroES, stable complexes assemble (SI Appendix: Fig. S1 ), and rhodanese is displaced into the cavity formed by SR1 and GroES within a few seconds (31, 37) . During the folding of rhodanese inside the chaperonin cage, we observe that the transfer efficiency histograms of all variants approach the histograms of the free native state (Fig. 1B) . The concurrent decrease in the donor and acceptor fluorescence anisotropies (SI Appendix: Fig. S2 ) indicates an increase in rotational freedom of the fluorophores during folding, a behavior observed previously during release of substrate proteins into the cavity (31, 37) . Even though some residual broadening from static orientational heterogeneity of the fluorophores remains in the encapsulated folded state, the characteristic changes in the transfer efficiency histograms allow us to follow the folding of rhodanese inside the GroEL cage and compare the kinetics with those of its autonomous refolding in solution.
Folding Kinetics Outside and Inside the Cage. Autonomous refolding of rhodanese was initiated by manually diluting unfolded rhodanese (4 M guanidinium chloride) into native conditions. Chaperone-mediated refolding was triggered by mixing the binary rhodanese-SR1 complex with GroES (1 μM) and ATP (2 mM). The single-molecule fluorescence signal was recorded until the refolding reaction was complete, typically for 2 h. To obtain time-resolved FRET efficiency histograms, we performed a moving window analysis by splitting the single-molecule recordings into short intervals of equal duration (50 s for the autonomous folding of the C variant and 300 s for all other variants) ( Fig. 2A , see SI Appendix for details). For both the autonomous and the SR1-mediated folding reactions of all variants, transfer efficiency histograms characteristic of native molecules developed during the measurements ( Fig. 2A) .
For the autonomous folding of rhodanese, it might appear feasible to analyze the kinetics of the histograms in terms of two well-defined states, but the broad histograms of the chaperone-mediated reaction obviously require a less model-dependent analysis. We thus employed singular value decomposition (SVD), which can be used to factorize a matrix representation of the experimental data into a minimal set of basis vectors and amplitude vectors, whose linear combination, weighted by the corresponding singular values, can be used to represent the data (39) . In our case, we can analyze the change of the two-dimensional histograms with time to determine the kinetics and the minimum number of distinguishable molecular species required for describing the folding process without loss of information (see SI Appendix for details). All nine experimentally accessible observables, represented in two-dimensional histograms (SI Appendix: Fig The first component captures mainly an increase in the molecular brightness over time ( Fig. 3 A, B, S6-8), which is probably caused by the burial of tryptophan residues in the native structure that quench donor and acceptor in the denatured state (40) . The second component corresponds to the changes in all other spectroscopic parameters, e.g., the transfer efficiency ( Fig. 3 and SI Appendix: Fig. S6-8 ). The two SVD components yielded very similar rate constants for each of the individual folding reactions (Fig. 2B ), indicating the dominance of two distinguishable molecular species*. In all cases, the SVD amplitude vectors were well described by single exponential relaxations.
A comparison of the resulting rate constants for the autonomous folding of the rhodanese variants (Fig. 2B ) suggests a simple folding mechanism. The folding rate constant of the N-terminal domain ð4.2 AE 1.4Þ10 −4 s −1 coincides with the formation of the native linker structure ð3.9 AE 1.2Þ10 −4 s −1 , but the C-terminal domain folds almost six times faster ð2.3 AE 0.6Þ10 −3 s −1 at 24°C, indicating that the C-terminal domain folds prior to the N-terminal Transfer efficiency histograms of native rhodanese (i), the SR1-rhodanese complex (ii), and the SR1-rhodanese complex 1.5 h after addition of GroES and ATP (iii). The gray histograms were recorded with donor excitation only; the colored histograms were recorded using dual color excitation of donor and acceptor (35, 73) to eliminate the contribution close to E ¼ 0 from molecules lacking an active acceptor dye. domain. This interpretation is further corroborated by limited proteolysis experiments (SI Appendix: Fig. S10 ), excluding a dominant effect of the fluorophores on the folding mechanism † . Interestingly, the folding hierarchy of the domains is preserved in the highly confined space of the GroEL/GroES complex. Correspondingly, the basis vectors for autonomous and chaperone-mediated folding are similar ( Fig. 3 and SI Appendix: Fig. S6-8) . However, the folding rates of the domains are affected differently by the chaperonin cavity: the folding rate constant of the N-terminal domain ð4.5 AE 1.2Þ10 −4 s −1 and the rate constant for formation of the native linker ð5.5 AE 1.1Þ10 −4 s −1 are not changed by the chaperonin environment (Fig. 2B, 4A ). In contrast, folding of the C-terminal domain is decelerated by a factor of two inside the chaperonin cavity at 24°C ð1.0 AE 0.4Þ10 −3 s −1 (Fig. 2B, 4A) ; this effect increases to an eightfold deceleration when extrapolated to 37°C (Fig. 4A) . Even though our values for the rate constants (SI Appendix: Fig. S11 ) lie within the range of previous results obtained by enzymatic assays, a rigorous comparison to published results is complicated by the considerable spread of the rate constants reported (10, 32, 37, 41, 42) . Possible reasons for this variability are the pronounced sensitivity of the system to solution conditions (10, 37) , temperature (Fig. 4A) , and difficulties in completely eliminating aggregation at the protein concentrations required in ensemble experiments (10) . Importantly, aggregation in single-molecule experiments is not only improbable because of the low protein concentrations used, but it can also be monitored stringently in situ (43) and can thus be excluded for all measurements (SI Appendix: Fig. S12 ).
Rapid Kinetics from Microfluidic Mixing. A complete picture of the conformational dynamics of rhodanese during refolding requires an investigation on all biologically relevant time scales from milliseconds to hours. While the time range of minutes to hours is accessible with the above-described manual mixing experiments, recent advances in the development of continuous-flow microfluidic mixing devices (44-47) allow us to study folding reactions on the single-molecule level from milliseconds to seconds. Here, we use a microfluidic mixer designed specifically for singlemolecule measurements of fast protein folding kinetics (46) . A sample solution in the inlet channel containing SR1-bound rhodanese (Ch2, Fig. 5A ) was mixed with buffer containing ATP and GroES that entered from the two side channels (Ch1 and Ch3, Fig. 5A ). By placing the confocal volume at different positions along the observation channel (Ch4), we obtained transfer efficiency histograms at different times after initiation of the reaction (see SI Appendix). Mixing the SR1-rhodanese complexes with 2 mM ATP and 2 μM GroES results in complete binding of GroES to SR1 in ∼200 ms (48) , which triggers the release of the substrate protein into the chaperonin cavity. Active unfolding of the substrate protein driven by the conformational changes of the apical domains of GroEL upon binding of ATP and GroES has been proposed to support protein folding (28, 49, 50) . Surprisingly, we observed no obvious changes in the transfer efficiency histograms on a timescale from milliseconds to seconds (Fig. 5B ). Only by averaging over the entire transfer efficiency histograms, we obtained a slight change in transfer efficiency of both variants by 0.05 AE 0.01 (Fig. 5C ). The rate constant for the initial decrease of 7 AE 2 s −1 is close to the value reported for GroESbinding (19 s −1 ) under these conditions (48) , and the slower increase can be described with the reported rate of apical domain movement of SR1 under substrate load of 0.68 s −1 (48) . These changes in the average transfer efficiency probably reflect very small conformational rearrangements of the substrate or the fluorophores during encapsulation, which are unlikely to be able to cause a selective deceleration of folding of the C-terminal domain inside the chaperonin cavity on the time scale of minutes to hours. We thus need to investigate alternatives for the molecular basis of the effect of the chaperonin on rhodanese folding.
Possible Contributions to the Folding Rates in the Chaperonin Cage.
Changes in folding rate constants can be caused by several effects. As a starting point, we express the folding rate constant k in terms of a generalized reaction rate equation,
where ΔG ‡ is the height of the free-energy barrier separating the denatured from the native state, R is the gas constant, and T is the absolute temperature. The preexponential factor k 0 sets a "speed limit" (7) for the reaction and can be thought of as an attempt frequency for crossing the barrier (6). First, we address the possibility that the decelerated folding of the C-terminal domain in the chaperonin is caused by an increase in barrier height. Since the free-energy barrier is not accessible directly, we investigate the enthalpic and entropic contributions to ΔG ‡ separately. The activation enthalpy ΔH ‡ can be obtained from the temperature dependence of the folding rate constants. Surprisingly, the rate-limiting step of rhodanese folding, i.e., folding of the N-terminal domain and formation of the native interdomain linker conformation are not affected by the chaperonin over the entire accessible temperature range (Fig. 4A) . Assuming Arrhenius behavior, we find the activation enthalpies of the chaperonin-mediated folding reactions to be indistinguishable within experimental error from those of the autonomous reaction. However, folding of the C-terminal domain is slower in the chaperonin than free in solution at all temperatures ‡ (51), with a significantly lower activation enthalpy (123 AE 7 kJ mol −1 ) compared to the autonomous reaction (161 AE 5 kJ mol −1 ) (Fig. 4A ). An increase in the enthalpic contribution to the free-energy barrier can thus be excluded as a cause of the slower folding of the C-terminal domain in the cavity.
The second possible origin of a change in ΔG ‡ is a change in activation entropy, ΔS ‡ , upon encapsulation. The most important contributions to ΔS ‡ are conformational entropy and the entropy of solvation. Confinement in the chaperonin is expected to reduce the conformational entropy of the denatured state (12) (13) (14) (15) (16) 18) . Consequently, the difference in conformational entropy of the denatured state and the transition state should decrease in the chaperonin cavity, which would reduce the height of the free-energy barrier and thus accelerate folding (12) (13) (14) (15) (16) 18) , the opposite of what we observe. Conformational entropy is thus unlikely to be the cause of slower folding inside the chaperone.
Recent theoretical work suggests an important role of confined water molecules in chaperonin-assisted protein folding (52) . We investigated this possibility by means of kinetic solvent isotope effects caused by replacing H 2 O by D 2 O in the samples. The stronger hydrogen bonding in D 2 O is thought to increase the hydrophobic effect and stabilize proteins (53) (54) (55) (56) (57) . If water dominated the entropy change during the chaperone-mediated folding reaction, the kinetic solvent isotope effect in the chaperone should be significantly different from that of the autonomous folding reaction. Fig. 4B shows the dependence of the ratio k∕k H on the volume fraction of D 2 O in the buffer, where k is the refolding rate constant at different fractions of D 2 O, and k H is the rate constant in water. The rate constants for autonomous folding of both the N-and C variants of rhodanese were reduced by a factor of 1.5 to 2 in 90% D 2 O. A similar decrease in the folding rate constants was found for the chaperoninmediated folding reactions of both variants, making the presence of confined water molecules an unlikely cause of a change in folding rates in the GroEL/GroES cavity. lines are Arrhenius fits according to Eq. 1. Error bars indicate standard deviations estimated from the two SVD-components or from two or three independent measurements for the cases where several measurements were available. The resulting activation enthalpies ΔH ‡ are ð96 AE 7Þ kJ mol −1 (autonomous) and ð88 AE 8Þ kJ mol −1 (SR1-mediated) for the N variant, ð100 AE 25Þ kJ mol −1 (autonomous) and ð100 AE 17Þ kJ mol −1 (SR1-mediated) for the L variant, and ð161 AE 5Þ kJ mol −1 (autonomous) and ð123 AE 7Þ kJ mol −1 (SR1-mediated) for the C variant. (B) Kinetic solvent isotope effects shown by the dependence of the ratio k∕k H on the volume fraction of D 2 O at 27°C for the autonomous (Top) and SR1-mediated (Bottom) refolding rates of the N variant (cyan) and C variant (red). Error bars indicate standard deviations estimated from at least two independent measurements, and lines represent linear regressions to illustrate the trends. (48) . The histograms were recorded using dual excitation of donor and acceptor (35, 73) to eliminate the contribution close to E ¼ 0 from molecules lacking an active acceptor dye. ‡ At temperatures above 35°C, the GroEL/GroES-rhodanese complex tends to aggregate even at single-molecule concentrations, while at temperatures lower than 18°C, the GroEL oligomer dissociates (51) . For spontaneous rhodanese folding, the temperature range is limited by the freezing point of water at low temperature and increased quenching of the dye molecules at higher temperature, leading to poor data quality above 35°C.
In summary, we find no indication that an increase in the freeenergy barrier height is the origin of the slower folding of the C-terminal domain we observed in the chaperonin cage. Alternatively, our observation may originate from effects that essentially enter into the preexponential factor k 0 in Eq. 1. In Kramers-type theories of protein folding (6, 58, 59) , k 0 is expressed in terms of an effective intramolecular diffusion coefficient D of the polypeptide with k 0 ∝ D, where D can be related to the roughness of the underlying free energy surface for folding (60) . The reason for the lower folding rate in this picture is a decrease in the effective mobility of the polypeptide chain, which reduces the rate at which new configurations can be explored (61) (62) (63) . The origin of such molecular friction can be both intra-and intermolecular interactions. For chaperonin-mediated folding, this would correspond to nonnative interactions within the folding polypeptide and interactions with the walls of the cavity.
A considerable body of theoretical work suggests that, even though moderate confinement of a polypeptide in a cavity can accelerate folding entropically, reduced folding rates are expected from stronger confinement that restricts conformational fluctuations and leads to an increase in molecular friction (13) (14) (15) (16) (17) (18) (19) . In view of the small size of the chaperonin cavity, resembling a sphere with a radius of ∼3 nm (assuming a cavity volume of 120 nm 3 (64)), compared to the radius of gyration of denatured rhodanese of ∼3.8 nm (calculated assuming the typical persistence length of 0.4 nm for unfolded protein chains under native conditions (65)), a significant effect of confinement on the folding dynamics of rhodanese may be expected. However, confinement alone should influence the folding rates of both domains to a similar extent, in contrast to our experimental observation, implying an additional influence of interactions of the substrate with the cavity walls (20, 31) . Recent theoretical work indicates a pronounced effect of the interaction strength between cage and protein on folding rates: moderate interaction strengths can, in a narrow range, accelerate folding by iterative binding and dissociation events, but simulations predict a deceleration of folding for strong interactions (11, 16, 66) . Evidence for such interactions comes from our microfluidic mixing experiments (Fig. 5B) , which indicate a lack of conformational rearrangements of rhodanese during encapsulation, and thus suggest that interactions between rhodanese and GroEL persist in the encapsulated state. Even the first histograms from the manual mixing experiments ( Fig. 2A) still resemble those of the binary SR1-rhodanese complex (Fig. 1B) . Recent cryoelectron microscopy experiments show that substrate proteins bound to GroEL are predominantly localized deep inside the cavity (67, 68) , a situation that will facilitate interactions with the chaperonin walls in the GroEL-bound state. The particularly strong interactions of rhodanese with GroEL (69, 70) are thus likely to increase molecular friction of the substrate protein in the cavity. If we assume that the effect of such interactions can be approximated by an effective dissociation step from the chaperonin wall, protein-chaperone interactions will become rate-limiting for faster processes, such as folding of the C-terminal domain, whereas slower processes, such as folding of the N-terminal domain, will be much less affected, in agreement with our observations (Fig. 6) . A further understanding of the molecular basis of these effects will benefit greatly from the increasingly detailed information available from theory and simulations (20) .
Our results illustrate how multiparameter single-molecule spectroscopy in combination with microfluidic mixing opens a new opportunity for identifying previously elusive effects of molecular chaperones on protein folding mechanisms. Major advantages of the approach are the availability of distributions of observables instead of mean values, the complementarity of the different types of spectroscopic information from a single measurement that can be used for a global analysis of all observables, the broad range of time scales accessible, and the extremely low protein concentrations employed, which allow aggregation to be excluded from affecting the folding kinetics. Although the biological function of the GroEL/GroES system is suggestive of an acceleration of folding rates, our results show that chaperonins can even slow down protein folding processes, and support the view that preventing aggregation of proteins is more important for cellular viability than accelerating protein folding reactions (71) . However, our observations call for a differentiated view of chaperone action: since the folding rates of the domains within a single protein can be affected differently by the chaperonin, it is improbable that there is one universal chaperonin mechanism at work. This notion is supported by the large variability of effects of chaperonins on the folding of different proteins reported in the literature (20) and by theoretical concepts that provide a quantitative framework for the competition between intra-and intermolecular interactions that determine the folding rate and mechanism of a substrate protein inside the GroEL/GroES cage (1, 8, (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) 66) . Future experimental and theoretical investigations will have to address the potential synergies of the different mechanisms, whose subtle balance may be required to achieve the promiscuity of many molecular chaperones.
Materials and Methods
Expression and purification of SR1 (72) and preparation and labeling of cysteine variants of rhodanese (27) were performed as described previously. Binary complexes of SR1 and rhodanese were prepared by diluting unfolded rhodanese (in 4 M guanidinium chloride) into 50 mM TrisHCl, 10 mM MgCl 2 , 5 mM KCl, 100 mM 2-mercaptoethanol, 0.001% Tween 20 (Pierce), pH 7.5 (folding buffer) containing 1 μM SR1. The complex was purified using size exclusion chromatography. Single-molecule fluorescence experiments were performed with a MicroTime 200 confocal microscope (PicoQuant). The temperature was adjusted with a Peltier-controlled sample holder. Autonomous and SR1-mediated refolding of rhodanese were performed in folding buffer. Data reduction for the refolding kinetics was performed by global analysis of all observables using SVD. For rapid mixing experiments, microfluidic mixers fabricated by replica molding in polydimethylsiloxane were used (46) . For detecting the GroES-ATP-mediated encapsulation reaction of the SR1-bound rhodanese variants in the microfluidic mixer, the binary rhodanese-SR1 complex was mixed at a volume ratio of 1∶5.7 with 2.4 μM GroES and 2.4 mM ATP, resulting in final concentrations of 2 μM GroES and 2 mM ATP. See SI Appendix for details.
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